We study phenomenological aspects of the MSSM with extra U(1) gauge symmetry. We find that the lightest Higgs boson mass can be increased up to 125 GeV, without introducing a large SUSY scale or large A-terms, in the frameworks of the CMSSM and gauge mediated SUSY breaking (GMSB) models. This scenario can simultaneously explain the discrepancy of the muon anomalous magnetic moment (muon g − 2) at the 1σ level, in both of the frameworks, U(1)-extended CMSSM/GMSB models. In the CMSSM case, the dark matter abundance can also be explained.
Introduction
Supersymmetry (SUSY) provides a natural solution to the hierarchy problem. In the minimal SUSY standard model (MSSM), the lightest Higgs boson mass is predicted to be lighter than the Z-boson at the tree level. The radiative corrections make it heavier [1] , and the LEP bound on the Higgs mass is avoided.
Recently, the ATLAS [2] and CMS [3] A discrepancy of the experimental result [4] from the SM prediction of the anomalous magnetic moment (g − 2) of the muon also indicates physics beyond the SM existing at TeV scale. The latest analyses of a hadronic contribution to the SM value provided the deviation at more than 3σ level [5, 6] . This anomaly can be naturally explained in the SUSY models if the SUSY particles exist at around the 100 GeV -1 TeV scale.
SUSY predictions of the Higgs boson mass and the muon g − 2 depend on soft SUSY breaking parameters, which are determined by the mediation mechanism of the SUSY breaking effect. In order to achieve the Higgs boson mass of 124 -126 GeV, one needs a relatively large SUSY breaking mass scale and/or an appropriate size of the A-term of the top squark, whereas the soft mass scale is bounded from above to explain the muon g − 2 anomaly. It is difficult to realize such a heavy Higgs boson with the muon g − 2 result explained within the constrained MSSM (CMSSM) and gauge mediated SUSY breaking (GMSB) models [7] , which are representative models of the SUSY breaking.
In this letter, we show that this frustration can be solved by an extension of the MSSM with an additional U(1) gauge symmetry. 1 The Higgs fields are charged under the symmetry, and the associated D-term provides an additional potential for the Higgs bosons. It will be found that the Higgs boson mass can be as large as 124 -126 GeV in a 1 MSSM with additional vector-like matters [8, 9, 10] can also explain the relatively heavy Higgs boson mass and the muon g − 2 result simultaneously [10] within the GMSB/CMSSM framework. low soft mass scale even without a large A-term. In this parameter region the deviation of the muon g − 2 can be explained by the SUSY contributions simultaneously.
There are many studies on the U(1) gauge extension of the SUSY models, in particular, based on U(1)'s appearing in the grand unified theories (GUTs) [11, 12] . It was also pointed out that the additional D-term can raise the Higgs mass even in the low-scale SUSY breaking models [13] . Most of these studies are dedicated to solve the µ-problem and the matter content is rather complicated [14] . Here we consider simple U(1) extensions in order to make the discussion as clear and general as possible, which are sufficient for the purpose of enhancing the Higgs mass as well as explaining the muon g − 2, paying particular attention to the decoupling behavior of the D-term correction to the Higgs mass. Although the similar topic was discussed in Ref. [15] , the decoupling effect was not properly taken into account.
In Sec. 2 we describe our basic setup. In Sec. 3 we perform a detailed analysis in both the U(1)-extended CMSSM and GMSB models. We explore the parameter regions where the lightest Higgs boson becomes as heavy as 124 -126 GeV and the observed muon g − 2 is successfully explained. We conclude this letter in Sec. 4 . In Appendix, we show that the CMSSM models cannot explain the Higgs mass and the muon g − 2 simultaneously even if we choose a large A-term, once the bound from b → sγ is imposed. This may provide a motivation to introduce an extra U(1) gauge symmetry to raise the Higgs mass.
2 The MSSM with extra U(1)
Models of extra U(1)
We consider an extension of the SM gauge groups to include additional U(1) gauge symmetry, U(1) X . There is one such anomaly-free U(1) known as U(1) B−L , once the right-handed neutrinos are introduced. In order to enhance the Higgs mass, however, the SM Higgs must have a charge of U(1) X . Thus U(1) B−L is not suitable for this purpose. Instead, U(1) X can be constructed as a linear combination of U(1) Y and U(1) B−L . Such a gauge symmetry can be consistent with some GUT gauge groups, and various U(1) charge assignments are possible [11, 16] . In the minimal matter content, we consider two U(1) models, whose charge assignments are given in Table 1 .
2 The superpotential consists of
and there are soft SUSY breaking terms. The superpotential W S is introduced to break U(1) X spontaneously by vacuum expectation values (VEV's) of S andS, where λ is a coupling constant, and X is a singlet field under both the SM gauge groups and U(1) X .
The first model in Table 1 , called U(1) χ , is motivated by the SO(10) GUT, which has a breaking pattern like SO(10)→ SU(5)× U(1) χ . This extra U(1) is anomaly-free. Here, the U(1) χ charge assignments are taken to be consistent with the SO(10) embedding, and its gauge coupling constant g X is assumed to be unified with that of the SM gauge groups at the GUT scale, i.e., g X (GUT) 0.7, in the following numerical analysis. Hence the theory has G SM × U(1) χ symmetry below the GUT scale, where
Y is the SM gauge groups, and U(1) χ is assumed to be broken at around TeV scale by VEV's of S andS.
The next model is motivated by the Pati-Salam gauge group, SO(10)→ SU(4)× SU(2) L × SU(2) R , where SU(2) R contains U(1) subgroup, generated by the T 3R operator. We regard this U(1) T as if it is the original symmetry of the theory, and assume that it is finally broken by the VEV of S without going into details of GUT constructions.
Similarly to the previous case, this model has G SM × U(1) T symmetry below the GUT scale. In the case of U(1) T , we will not persist in constructing a full GUT theory. In the following analysis, the U(1) T charges in Table 1 are taken to be twice as large as those in a GUT convention, and U(1) T gauge coupling constant is considered to be a free parameter rather than assumed to be unified with the SM gauge. These two U(1)'s, U(1) χ and U(1) T , should be regarded as working examples of more broad classes of U(1) extensions.
Hereafter the new symmetry is represented by U(1) X whatever it is.
Some notes are in order. First of all, the right-handed neutrinos cannot have Majorana mass terms because of the U(1) X symmetry. The seesaw mechanism may work at a TeV scale once the U(1) X symmetry is broken. For instance, a proper charge of S could yield a Majorana mass term through the SNN term after S acquires a VEV if allowed by the U(1) X symmetry. Otherwise the neutrino mass purely comes from the Yukawa coupling. Next, the µ-term is allowed by the gauge symmetry. We implicitly assume some mechanism to solve the µ problem. The R-symmetry or the Peccei-Quinn symmetry, or some discrete symmetry such as Z 3 may be used to forbid the µ-term and to generate it dynamically. Finally, it is assumed that S andS are not in complete multiplets of SO (10), and the parameter y in their U(1) X charges is a free parameter.
U(1) X contribution to Higgs mass and decoupling behavior
When the Higgs fields are charged under U(1) X , the associated D-term contributes to the Higgs quartic coupling. In the SUSY limit, this contribution decouples after the U(1) X gauge symmetry is broken. Thus, non-decoupling correction remains due to SUSY breaking effects [18, 19] . This feature is taken into account by considering the whole U(1) X sector including the Higgs fields which break U(1) X spontaneously. The superpotential (1) and the D-term of U(1) X as well as the SUSY breaking effect provide the scalar potential,
Here x denotes the U(1) X charge of H u and H d , which is fixed to permit the Yukawa interactions of the matters (see Table 1 ) and g X is the gauge coupling constant of U(1) X .
Let us find the minimum of the potential (2). Under assumptions of v v Hu , v H d and
, for simplicity, the minimum is around X = 0 and
which are slightly shifted by V D . In the limit of
v S ≡v + δv S and vS ≡v + δvS, the true minimum is found as
where
is a mass of the U(1) X boson. Thus the scalar potential becomes
This serves an additional contribution to the Higgs potential arising at the tree level.
Then the following terms are added to the mass matrix of (h
Consequently, the lightest Higgs boson mass receives the following correction [18, 19] . In the CMSSM boundary condition, the soft mass, m S , is correlated with the universal scalar mass m 0 or may be a free parameter, while in GMSB it is crucial that the messengers, Φ mess andΦ mess , have the U(1) X charge, since otherwise m S is suppressed. They will be discussed in Sec. 3.1 and 3.2, respectively. 3 The SUSY breaking term also forces the minimum to be close to v S = vS as long as m , while V D tends to shift it towards v S = vS for tan β = 1. 4 One of the phase direction, arg(S) + arg(S), is fixed to be zero by minimizing V F . The other combination is the Goldstone boson, which is eaten by the Z boson.
U(1) X contribution to muon g − 2
The measurement of the muon g − 2 [4] shows a deviation from the SM prediction at more than the 3σ level as ∆a µ ≡ a µ (exp) − a µ (SM) = (26.1 ± 8.0) × 10 −10 [5, 6] . In the SUSY models, radiative corrections with superparticles can contribute to the magnetic moment.
The SUSY contributions arise due to neutralino diagrams as well as those of the charginos.
Since the Higgs fields are charged both under the SM and U(1) X gauge symmetries, the neutralinos include the U(1) X gaugino and fermionic components of S,S and X. In the limit of λ g X , a couple of heavy components of the neutralinos are decoupled, which have a mass of order λv. Then the mass matrix of the neutralinos becomes
in a basis of (B,W ,H d ,H u ,Z ,Φ), whereΦ is the fermionic partner of the Goldstone boson which is absorbed into Z , and MZ is a SUSY breaking mass for the U(1) X gaugino. The extra components of the neutralinos contribute to the muon g − 2 through the mixing with the MSSM Higgsinos and couplings to the muon, since the left-and/or right-handed muons have a U(1) X charge.
The U(1) X contributions are generally evaluated in the mass eigenstate basis (see e.g., [20] ). Noting that they mimic the Bino-smuon and Bino-Higgsino-smuon diagrams of the MSSM [21] , in the limit of m Z m soft , MZ , they are approximated as
where Q i X is a charge of the field, i, under U(1) X as provided in Table 1 , and x = m The black solid line denotes contours of the relic abundance of the lightest neutrino, Ω CDM h 2 0.11, which is consistent with the WMAP observation [31] . In the right region to the line, the abundance exceeds the measured dark matter abundance, whereas the A part of the relevant parameter region is already excluded by the LHC results [32, 33] .
The exclusion can be inferred from the CMSSM results obtained by ATLAS and CMS, since the mass spectrum of the SUSY particles in the U(1) extended model is quite similar to that of the CMSSM. Table 2 shows the superparticle mass spectrum for m 0 300 GeV and m 1/2 600 GeV. For comparison, the mass spectra for the cases of U (1) If the Higgs fields are charged under the extra U(1) symmetry, the associated D-term can raise the Higgs mass without a large soft mass, so that the muon g − 2 anomaly can be explained simultaneously. In particular, the trilinear couplings are set to vanish at the GUT scale, and thus, the model is safe against the constraint from b → sγ.
If A 0 including A t is enhanced to raise the top-stop contribution to the Higgs mass, the green regions in Fig. 1 shift downwards. On the other hand, the trilinear coupling of the stau tends to draw down the stau mass at the weak scale. Thus, the stau LSP region becomes wider, and it becomes difficult to explain the muon g − 2 anomaly. If A 0 becomes too large, b → sγ can be problematic similarly to the CMSSM.
In the figure, tan β was set to be 40. If it is increased, the Higgs mass decreases because of the bottom contribution to the Higgs mass, though the SUSY contributions to the muon g − 2 are enhanced. On the other hand, when tan β is suppressed, the Higgs mass is lowered or stays unchanged so much, and the muon g − 2 becomes smaller. Thus, the current choice of tan β is almost the best for the Higgs mass and the muon g − 2.
If the U (1) X gauge coupling constant is larger than those of the SM gauge groups at the GUT scale, the extra contribution to the Higgs mass may be enhanced according to (6) . However, this effect is small due to the RG evolution of the gauge coupling constants.
In the analysis, the mass of the Z boson was set to be m Z = 2 TeV. Note that this mass is large enough to satisfy the bounds from the direct searches of Z [22, 23] and the electroweak precision measurements [24, 25] . As the mass increases, the U(1) X Dterm contribution to the Higgs potential becomes suppressed because of the decoupling behavior. We have checked that it is difficult to realize the Higgs mass of 124 -126 GeV with the muon g − 2 explained at the 2σ level for m Z > 3 TeV as long as m S 1 TeV and A 0 (GUT) = 0.
GMSB
Let us show the result for the case of GMSB. The messengers, Φ mess andΦ mess are assumed to have U(1) X charges of +n and −n and 5 and5 representations under the SU(5), respectively. For simplicity, n = 1 is set in the following. We introduce one such pair of Φ mess andΦ mess . They couple to the SUSY breaking field Z as
The soft masses are obtained for S andS through the U(1) X gauge interaction at the messenger scale, M mess , as
where Λ ≡ F Z /M mess is the soft SUSY breaking mass scale, which is around 100 TeV.
Note that all the matters receive similar corrections due to the U(1) X gauge interaction Figure 2 : Contours of the Higgs mass and the muon g − 2 in the U(1) T -extended GMSB framework on the plane of the gluino mass and tan β. The definition of each line is the same as that in Fig. 1 . The mass of the Z boson is set to be m Z = 2 TeV, and the messenger scale is taken to be M mess = 10 10 GeV. The U(1) X coupling constant is fixed to be g X (M mess ) = 0.5 at the messenger scale.
depending on their U(1) X charges.
Results are shown in Fig. 2 . In this analysis, g X is fixed to be 0.5 at the messenger scale. We show the contours of the Higgs mass and the muon g − 2 in the U(1) T model on the plane of the gluino mass and tan β. The definition of each line is the same as that in Fig. 1 . The mass of the Z boson is set to be m Z = 2 TeV, and the messenger scale is taken to be M mess = 10 10 GeV. It is seen that the muon g − 2 can be within the 1σ
range with m h = 124 -126 GeV for the gluino mass ∼ 1.4 TeV. In the parameter region, the next-to-lightest SUSY particle is the neutralino. Therefore, the model can be checked by searching for the SUSY event at the LHC accompanied by a large missing energy.
Here, g X is set to be 0.5 at the messenger scale. It is not unified with the SM gauge couplings at the GUT scale, and it is likely to blow up below the GUT scale since the messengers contribute to the gauge coupling evolutions above the messenger scale. 5 If the coupling constant is assumed to be unified at the GUT scale, the U(1) X contribution to the Higgs mass is suppressed. To make matters worse, the messenger contribution to the soft mass of S decreases. Consequently the decoupling behavior of the Higgs correction becomes more prominent. In particular, the U(1) χ setup, where the underlying GUT is respected especially for the gauge coupling constant, cannot enhance the Higgs mass large enough to explain the muon g − 2 anomaly simultaneously.
On the other hand, if g X is raised at the messenger scale discarding the blowing up, the Higgs can be heavier. However, if it is too large, the electroweak symmetry breaking tends to be spoiled because the messenger contributes to the soft scalar mass of the up-type Higgs positively.
In the analysis, we chose a relatively high messenger scale. For a lower messenger scale, the electroweak symmetry becomes unlikely to be broken, because the soft mass of the up-type Higgs cannot evolve sufficiently during the RG running, and the up-type
Higgs mass receives a positive contribution due to the extra U(1). Consequently, a high messenger scale is favored.
Conclusion
We have studied the U (1) [36] . Thus, the SUSY contribution is required to be in the range,
at the 2σ level. Here, the errors are from the experimental and the SM uncertainties. In the analysis, the SUSY contributions are evaluated at the NLO level by SusyBSG [37] . In addition to the uncertainties of the experimental value and the SM prediction in (13), extra errors of 10% are taken into account both for the SUSY and charged Higgs contributions, respectively (see e.g. [37] ). It is found that the trilinear coupling of the top squark, and thus the Higgs boson mass, is bounded from above by Br(B → X s γ).
In Fig. 3 , the Higgs mass and the muon g − 2 are shown as contours in a (m 0 , m 1/2 ) plane with (tan β, sign(µ)) = (20, +1). The renormalization group equations are solved and the mass spectrum of the superparticles are evaluated by SoftSUSY [38] . The Higgs mass is obtained by using FeynHiggs [29] . Uncertainties of the Higgs mass estimation is also taken into account with relying on FeynHiggs. The left panel is the result for the CMSSM framework, and the value of A 0 (= A u = A d = A e ) is tuned so that the Higgs mass is maximized under the constraint of Br(B → X s γ). In the right panel A 0 (= A d = A e ) is set to be zero and A u is appropriately tuned as is done in the left panel.
In the dark green regions, the Higgs mass is calculated as large as m h = 124 -126 GeV.
In the light green region, the Higgs mass can be larger than 124 GeV if the theoretical uncertainties are included. On the other hand, the muon g − 2 estimated by FeynHiggs is explained within the 1σ (2σ) levels in the orange (yellow) region. The upper-left gray region is forbidden because of the stau LSP, while just below it is the coannihilation region.
It is seen from the left panel of Fig. 3 that a large part of the small m 0 region is excluded by the LSP stau in the CMSSM setup. If the universality of the trilinear coupling is violated as in the right panel, the region of the Higgs mass of 124 -126 GeV can approach to that favored by the muon g − 2 significantly. Nonetheless, the Higgs mass of 124 GeV and an explanation of the muon g−2 anomaly (at the ∼ 2σ level) cannot be simultaneously achieved.
The situation is not improved for different choices of tan β. If it is increased, the bound from Br(B → X s γ) becomes severer, and the muon g − 2 decreases for smaller tan β. In both cases, the separation between the regions favored by the Higgs mass and the muon g − 2 turns out to be wider.
The main reason for the difficulty of the above result is that the constraint from B → X s γ sets an upper bound on the parameter A t , and consequently the Higgs mass is bounded from above. If the soft scalar mass of the up-and down-type Higgses are assumed to be non-universal against m 0 , theB → X s γ bound can be relaxed, while attention should be paid for other constraints such as Br(B s → µµ).
